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This paper presents experimental methods and results of an ongoing study of the
correlation between damage state and hydrogen gas permeability of laminated composite
materials under mechanical strains and thermal loads. A specimen made from IM-7/977-2
composite material has been mechanically cycled at room temperature to induce microcrack
damage. Crack density and tensile modulus were observed as functions of number of cycles.
Damage development was found to occur most quickly in the off-axis plies near the outside
of the laminate. Permeability measurements were made after 170,000 cycles and 430,000
cycles. Leak rate was found to depend on applied mechanical strain, crack density, and test
temperature.

I. Introduction

uture space transportation vehicles will put a premium on the design of lightweight structures and materials to

meet the increased demands on performance. For spacecraft fueled by cryogenic fluids, one area identified as a
potential source for significant weight reduction is the replacement of traditional metallic cryogenic fuel tanks with
advanced polymeric matrix composite (PMC) tanks. The interest in design of cryogenic-fuel tanks for spacecraft
using polymeric composite materials goes back several years to the research associated with the National Aerospace
Plane (NASP) and the single-stage-to-orbit (SSTO) vehicles'. For these vehicles, PMC tank concepts were proposed
for both the liquid-oxygen tanks and the liquid-hydrogen tanks. These studies addressed weight and cost benefits as
well as the complex technical issues such as fatigue crack resistance and oxidation-corrosion resistance. As these
studies matured, it was recognized that permeation resistance of the tanks could be the overriding design criteria
because of the implications that damage initiation and growth and the resulting permeation (or leak) would have on
both durability and safety of the vehicle.

The occurrence of damage and degradation in polymeric composites at cryogenic temperatures has been looked
at in several recent studies. Bechel et.al.” have shown that thermo-cycles (cryogenic to elevated temperature) will
induce matrix cracks in a relatively low number of cycles. Gates et.al.’ also measured degradation of mechanical
properties in PMC’s as a function of aging at cryogenic temperatures. Roy*, Noh® have investigated the relationship
between mechanical loading and microcrack initiation and delamination growth. Relationships between permeability
and crack density and crack opening displacement have been explored in these recent studies. In related studies,
standard experimental procedures and methods for measuring hydrogen gas permeation (or leak), through composite
materials, at cryogenic temperatures, have been under development to support the use of reusable composite cryo-
tanks. Most notable of the published studies include the work performed by Yokozeki et al.® and Rivers et al.”. The
tests by Yokozeki et al. were performed using helium gas on composite tubular specimens mechanically loaded
while at cryogenic temperatures. This study also measured crack density as a function of the load history. The tests
by Rivers et al. were performed on sandwich composite panels mechanically loaded in bending using both liquid
helium and liquid hydrogen. It is useful to note that both of these
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studies concluded that the leak rate was unaffected by test temperature. Additional studies related to modeling gas
permeability in composite laminates can be found in Ref. [8].

The objective of the current study is to experimentally study the relationship between thermal-mechanical
induced damage and hydrogen gas permeation in laminated graphite/epoxy composite materials. The preliminary
studies by the authors.”'' have been extended through systematic measurements of permeation in damaged
laminates using damage state, static load, and specimen temperature as test variables. The test methods will be
outlined and results will be presented that illustrate the relationships between the test variables and permeation.

II. Materials

All composite test specimens were fabricated from IM-7/977-2, an intermediate modulus carbon fiber reinforced
toughened epoxy. Flat panels were fabricated by hand layup, followed by vacuum bag / autoclave processing. The

panels were cured at 177°C. Ultrasonic NDE of the resulting
panels revealed no significant internal anomalies. All

Table 1. Tensile Properties of IM-7/977-2

fabrication work was performed by Northrop Grumman Composite
Corporation. All specimen preparation and testing was | Froperty Test Temperature
performed at NASA Langley Research Center. The specimen (Tensile) -196°C 23°C
ends were tabbed with 1.91 cm. thick G10 composite laminate. | E11 (Msi) 23.0 26.13
The specimens' free edges were polished prior to test to | Ea2(Msi) 1.71 1.20
facilitate examination and quantification of edge crack density. G2 (Msi) 1.13 0.90
The laminate used in this study was [+45/904/-45/05- | o (ksi) 157.3 317.5
45/90,/+45], approx 0.17 cm. in thickness. The test panels in | G2 (ksi) 16.23 11.20
this study are approximately 5-inches wide by 24-inches long. | Ey (Msi)** 7.62 7.91
Lamina and laminate properties as a function of temperature | o, (ksi)** 2.12 6.83

were measured in previous studies'' and are presented in Table
1.

*% [45/904/-45/03/-45/903/45] laminate

III. Experimental Methods

The test sequence started with an as-fabricated, undamaged specimen. In order to create leak paths within the
specimen, microcrack damage was induced through cyclic tensile loading at room temperature in a servo-hydraulic
test stand. The maximum strain level during cycling was approximately 4000 microstrain and the stress ratio was
R=0.01. During cyclic loading, the damage state in the composite test panel was monitored at intervals of 10,000 or
20,000 cycles, using a long focal length microscope to image the free edge of the panel. Crack locations were
mapped along a 2.5 cm length and crack density was calculated for the +45°, 90°, and -45° plies. The reported
values are the averages obtained from examination of both edges of the specimen after each increment of tensile
cycling. The crack density in the +45 plies is scaled by a factor of sin(45°) to account for the fiber angle. Tensile
modulus was measured at the same intervals. Modulus was calculated using strain from bonded strain gages or a
clip-on extensometer along with load as measured by the test machine load cell.

The permeation measurement system developed for this research consists of three basic components. The first
component, the supply system, is composed of a low-pressure hydrogen gas generator, a delivery manifold, and a
sealed supply attachment to the test specimen. Hydrogen gas can be supplied to either of two locations: a circular
region on the specimen front face or along both of the specimen edges. The second component in the permeation
system, the control volume, is connected to the back face of the specimen via a second sealed attachment and is
operated at very low pressure. Both pressure and temperature in the control volume are monitored continuously. The
third component, the gas analyzer, is a mass spectrometer that measures the chemical composition of the gas in the
control volume. Using the pressure and temperature data from the control volume and the chemical composition data
provided by the mass spectrometer, ideal gas law relations can be used to calculate the leak rate of hydrogen through
the specimen. A detailed description of the hardware and the data analysis method were reported previously and can
be found in Ref. [11]. The general arrangement of components within the permeability testing system is shown in
Fig. 1.

In this study, hydrogen gas was supplied only to the specimen edges. The measured permeation or leak is due to
combined in-plane flow through 90° cracks (and to a lesser degree through the -45° cracks) and through-thickness
flow through cracks in the +45° ply on the surface. Figure 2 illustrates the hydrogen gas supply and the vacuum
attachment arrangement for this study.

After cycling for a specified interval, leak rate was measured at six levels of static mechanical strain and at two
temperatures, 23°C and -191°C, for each of the six strain levels. During cryogenic testing, the specimen was
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lowered from room temperature to -191°C by routing liquid nitrogen through an insulated enclosure on the front
face of the specimen. The back face with the vacuum attachment was insulated with rigid polystyrene foam and
fibrous insulation batts. Full sets of leak rate measurements were obtained after completing 170,000 and 430,000
cycles. Test intervals were chosen based on observed marked increased in crack density in the +45° and 90° plies.

IV. Results

A. Damage Progression During Mechanical Cycling

Under cyclic tensile loading, tensile longitudinal modulus decreased from approximately 55 GPa at the start of
cycling to 50 GPa after 430,000 cycles. The modulus decrease was approximately linearly related to the number of
cycles, as illustrated in Fig. 3. Microcrack density as a function of number of cycles is presented in Fig. 4. In
general, edge crack density continuously increased as the number of fatigue cycles increased. The +45° plies on the
specimen surface were the first to crack. Until reaching 170,000 cycles, damage progressed in an incremental
fashion, exhibiting periods of crack growth followed by stable crack density. After 170,000 cycles the damage rate
was observed to increase. In the 90° plies edge crack growth began at approximately 100,000 cycles. Cracking in the
90°C plies progressed in a step-wise fashion, with a significant increase after 170,000 cycles.

B. Leak Rate

Isothermal leak rates after 170,000 and 430,000 cycles are plotted in Fig. 5 and Fig. 6, respectively for six levels
of applied strain. At all levels of mechanical strain, after both 170,000 and 430,000 cycles, permeability increased
significantly when the test temperature was lowered from 23°C to -191°C. In order to illustrate this result further,
Fig 7 shows the leak rates after 430,000 cycles as a function of test temperature. The resulting plot indicates that the
drop in temperature caused leak rate to increase by factors ranging from 7 to 24. The effect of mechanical strain on
leak rate is smaller at low (cryogenic) temperatures. The effect of mechanical strain on leak rate was evaluated by
normalizing leak rate at each strain level by the leak rate measured under no load at the same temperature. The
curves shown on Fig. 8 indicate that permeability increased with increasing mechanical strains. The effect of
mechanical strain on permeability was nearly the same at 23°C and at -191°C.

To explore how damage type affects permeability, the hydrogen leak rate was normalized by the theoretical
number of crack junctions per unit area. The number of crack junctions per unit area was taken as the average crack
density in the 90° plies multiplied by the average crack density in the 45° plies. This approach to damage
characterization assumes that all cracks are sufficiently long to cross all of the cracks in the adjacent ply, thereby
forming a junction. Figures 9 — 10 show the results of the normalization. At room temperature the curves for the two
test conditions are nearly the same; ie. the permeability of the specimen appears to be proportional to the theoretical
number of crack junctions. On cooling to -191°C temperature, the normalized permeability of the specimen with the
higher damage level (higher crack density and larger delaminations) is significantly higher.

It is assumed that the effect of temperature is due to the differential coefficient of thermal expansion between
fiber and matrix and between adjacent laminate plies of different orientation. At cryogenic test temperatures, the
resulting thermal strains can open delaminations at the ply interface between the 90° and the 45° plies. The
delaminations create multiple gas flow paths to the surface. Because there were fewer and smaller delaminations at
170,000 cycles, gas flow through the laminate in that damage state may have been much more restricted by the
number of available crack junctions.

V. Discussion

To investigate repeatability, multiple leak tests were performed at —191°C after 430,000 cycles. Results
demonstrated some differences from test to test in leak rate as a function of mechanical strain. The leak rate data
from these separate tests, with the exception of several data points which were obviously outliers, are shown in Fig.
9. Comparing data sets, differences of leak rate on the order of nearly one order of magnitude are apparent. The line
provided in Fig. 9 indicates the average leak rate at each strain level and is shown to indicate the general trend of the
mean value of leak rate. In general, measurement of leak rate at room temperature provided more consistent results
than the measurements at cryogenic temperature.

It is assumed that the difficulties with measurement at cryogenic temperature are attributable to thermal
shrinkage of seals within the measurement system. For example, air leakage through the vacuum attachment seal can
cause large variations in the partial pressure of hydrogen in the control volume. Thermal contraction within the seals
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on the hydrogen gas supply tubes can allow hydrogen gas to leak from the supply system, permit air to enter the
hydrogen supply system, or allow liquid nitrogen, which leaks from the insulated box, to enter the supply system
and displace hydrogen.

Attempts were made to distinguish air leaks at the vacuum attachment from nitrogen leaks into the supply system
by analyzing the variation in O,/N; ratio during the experiments represented by the data points in Fig. 9. A stable
0,/N, ratio would indicate air leakage, while a sudden decrease in O,/N, would indicate leakage of LN, into the
supply system. Unfortunately, O,/N, varied significantly in all the experiments, even those which showed little
scatter in the permeability data, and no clear trends were evident. One possible reason is that the boiling point of 0,
is -183°C, high enough that some oxygen may condense out of the air as it passes through microcracks in the
specimen. At present the cause of the inconsistency in permeability measured at cryogenic temperature has not been
positively identified.

VI. Concluding Remarks

An experimental investigation was performed to develop the empirical relationships between damage state in a
laminated composite and hydrogen gas leak rate through the composite. Damage was induced through room
temperature cyclic loading. Hydrogen gas was supplied along the free edges of the specimen. Leak tests were then
performed for a given damage state at room and cryogenic temperatures at incrementally increasing levels of static
load.

Tensile modulus decreased, and microcrack damage increased, as the number of cycles increased. Crack density,
as a function of ply orientation, was measured and found to correlate with the leak of hydrogen gas through the
specimen. The application of static load at room and cryogenic temperatures, allowed the leak rate to be correlated
against both test temperature and mechanical strain levels. The leak rate increased with increasing load level and
was greater at cryogenic temperatures, regardless of mechanical strain level. Clearly, both increased mechanical
strain and decreased temperature contribute to opening of the crack junctions and subsequently to the increase in
leak rate.

The proposed test method, apparatus, and data reduction techniques have been found suitable for experimentally
determining the leak rate of hydrogen gas in a damaged composite laminate. This technique should be applicable to
a range of loading conditions and test temperatures. Primary challenges in developing the experimental method are
related to preventing seal leakage in the measurement apparatus at cryogenic temperatures.
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Figure 1. Conceptual arrangement of components in permeability measurement system.
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